Bone marrow cells (BMC) have been shown to migrate into injured sites for parenchymal repair. However, the extent of BMC involvement is controversial. To determine whether and to what extent BMC contribute to renal parenchymal repair, we employed three-dimensional (3D) fluorescent confocal microscopy/video in renal warm and cold ischemia/reperfusion (I/R) injury using enhanced green fluorescent protein transgenic rats and their radiation chimeras. After induction of renal warm I/R injury in chimeras, BM-derived renal tubular cells were found in 2D microscopy as isolated single cells or clusters of 2-3 cells. Likewise, cold I/R injury resulted in hostderived tubular cells with frequencies B0.2%. However, stringent confocal microscopic analysis and 3D image construction revealed that BM-derived tubules identified in 2D images were frequently artifacts of overlapping cells separately stained with different markers. The actual frequency in 3D analysis was approximately onefourth of that seen in 2D analysis. 3D confocal imaging precisely detected BM-derived tubular epithelial cells and could be useful to study BMC contribution to tissue repair. Although there are abundant data on the phenotype, isolation, culturing, expansion, and differentiation potential of stem cells in the bone marrow, their role and functional relevance in normal adult life or regenerative parenchymal cell turnover is unclear. In addition, many of the findings in this new field are controversial, partly due to the inherent difficulties of techniques used to assess the plasticity of these cells.
Recent studies have suggested that adult bone marrow cells (BMC) have far more plasticity than previously implied. It had been thought that stem cells can only differentiate into certain restricted lineages of mature cells. However, newer studies have demonstrated an expanding repertoire of BMC; they are capable of crossing lineage barriers and adopting the phenotypic profiles and functional properties of cells unique to other tissues. BMC can differentiate into various lineages, including epithelium of the liver, lung, and gut, myocytes, neural cells, and renal tubular cells. [1] [2] [3] [4] [5] Although there are abundant data on the phenotype, isolation, culturing, expansion, and differentiation potential of stem cells in the bone marrow, their role and functional relevance in normal adult life or regenerative parenchymal cell turnover is unclear. In addition, many of the findings in this new field are controversial, partly due to the inherent difficulties of techniques used to assess the plasticity of these cells.
In this study, transgenic rats carrying the enhanced green fluorescent protein (EGFP) transgene were used to demonstrate three-dimensional (3D) structure analysis of the differentiation of BMC to renal tubular epithelial cells after renal ischemia/ reperfusion (I/R) injury. The results suggest that BMderived cells can differentiate into renal tubular epithelial cells after I/R injury; however, the frequency is considerably less with 3D analysis than that identified with conventional 2D microscopic analyses of thin sections.
Materials and methods

Animals
EGFP-transgenic and WT Sprague-Dawley (SD) rats, originally generated by Dr Masaru Okabe (University of Osaka, Osaka, Japan), 6, 7 were obtained from Japan SLC, Inc. (Hamamatsu, Japan). The expression of EGFP was under the control of the cytomegalovirus enhancer and the chicken b-actin promoter derived from an expression vector, pCAGGS. 6, 7 Animals were maintained in laminar flow cages in a specific pathogen-free animal facility at the University of Pittsburgh. All procedures in this experiment were performed according to the guidelines of the Council on Animal Care at the University of Pittsburgh and the National Research Council's Guide for the Humane Care and Use of Laboratory Animals.
Creation of Radiation Chimeras and Hematopoietic Reconstitution
BMC were obtained from 8-12-week-old EGFP or WT rats by flushing the tibias and femurs with RPMI 1640, supplemented with 25 mM HEPES buffer, 2 mM L-glutamine, and 10 mg/ml gentamicin (all from Life Technologies, Grand Island, NY, USA). Unfractionated BMC (2 Â 10 8 cells/animal) with 495% viability in trypan blue exclusion test were intravenously injected into EGFP or WT rat recipients after 9.5 Gy whole body irradiation (WBI). 8, 9 Tacrolimus (0.5 mg/kg/day, a gift from Fujisawa Pharmaceutical Co., Osaka, Japan) was given for 7 days after BMC infusion. Development of hematolymphoid cells from infused BMC in radiation chimeras was detected by flow cytometry with mouse monoclonal antibody (mAb) phycoerythrin (PE)-Cy5-conjugated OX-1 (CD45, Pharmingen, San Diego, CA, USA) and tissue sections with immunofluorescent analysis. In addition, polyclonal rabbit anti-GFP antibody (Molecular Probes, Inc., Eugene, OR, USA) was used to detect EGFP-expressing cells in the immunoperoxidase method.
Induction of Renal I/R Injury
Warm I/R injury in radiation chimeras At 4100 days after BMC infusion, radiation chimeras with 495% donor hematolymphoid cells underwent warm renal I/R injury. As described previously, 10 the right renal artery was isolated and clamped for 60 min. The left kidney was removed at the time of warm I/R injury or 7 days later.
Cold I/R injury with orthotopic kidney transplantation (KTx) Orthotopic KTx was performed, as described previously. 11 The donor left kidney was flushed with 3 ml University of Wisconsin (UW) solution (Du Pont, Wilmington, DE, USA) and transplanted either immediately or after preservation in UW at 41C for 18 h. The kidney graft was transplanted into the recipient by end-to-side anastomoses between the graft aorta and recipient infrarenal abdominal aorta, and between the graft renal vein and recipient infrarenal vena cava. The recipient left native kidney was removed, and end-to-end ureteral anastomosis was performed. The right native kidney was removed at the time of KTx for short-term study or 7 days after KTx for long-term study.
Samples after Renal I/R Injury
At 1, 7, and 30 days after warm or cold renal I/R injury, blood samples were obtained for serum creatinine levels, and kidney samples were obtained by perfusing animals via the abdominal aorta with phosphate-buffered saline (PBS), followed with 2% paraformaldehyde in PBS. EGFP protein is designed to be expressed in the cytosol and the soluble nature of the protein allows its distribution through the cytosol. 6, 7 Therefore, snap-freezing of samples without fixation resulted in a significant reduction of the green signal due to leaching of EGFP protein out of the cells during the thaw process. To avoid this problem, all tissues were perfusion fixed with 2% paraformaldehyde. The kidney samples were removed and stored in 2% paraformaldehyde for several hours at 41C for the histopathological assays described below.
Histopathological Analyses
Routine histopathology
Tissue samples were embedded in paraffin wax, sectioned at 5 mm, and stained with hematoxylin and eosin.
Immunofluorescence and image analysis Tissue samples were cryoprotected in 2.3 M sucrose in PBS overnight, embedded in OCT compound, and frozen in liquid nitrogen-cooled isopentane. Samples were cut into 6-or 50-mm sections on gelatincoated slides, washed with PBS containing 0.5% bovine serum albumin and 0.15% glycine (PBG buffer), and fixed with 2% paraformaldehyde. After blocking with 20% (v/v) normal goat serum in PBG, 6-and 50-mm sections were stained with rhodamine phalloidin (1:1000, Molecular Probes, Inc., Eugene, OR, USA), which bound with a nanomolar affinity to F-actin, for 30 and 90 min, respectively. Sections of 6 mm were nuclear DNA stained with Hoechst dye (bisBenzimide), coverslipped with Gelvatol, visualized with an Olympus BX51 epifluorescence microscope, and 2D images were digitized with an Olympus/Optronics (Goleta, CA, USA) CCD camera, interfaced with MagnaFire Image Capture Software.
Rhodamine phalloidin-stained 50-mm sections were nuclear stained with DRAQ5 (Biostatus Limited, Shepshed, Leicestershire, UK), coverslipped with Gelvatol, and viewed with an Olympus FV 500 confocal scanning microscope. Confocal slices were taken at 0.3-mm intervals, and a maximum intensity projection and 3D movie was created using Metamorph software (Universal Imaging Corporationt).
The rhodamine (orange-red) signal was excited at 550 nm and emission was collected from 590 to 610 nm. EGFP (green) signal, in contrast, was excited at 488 nm and emission was collected from 510 to 525 nm. Nuclear Hoechst dye and DRAQ5 (blue) signals were excited at 650 nm and emission was collected from 670 to 700 nm. The fluorescent signals were collected sequentially using the narrow collection wavelengths set up by the confocal microscope software. By using this approach and by setting the photomultiplier tubes correctly, there was no signal bleed through.
Identification and quantification of renal tubules derived from BMC In cases of EGFP BMC to WT chimeras and WT to EGFP KTx, renal tubular epithelial cells regenerated from EGFP þ BMC after I/R injury were identified as
Alternatively, in EGFP recipients of WT BMC, tubular epithelial cells regenerated from WT BMC after warm I/R injury were identified as EGFP
The frequency of tubules that contained BM-derived tubular cells was determined by examining 250-1100 randomly selected tubules in the outer medulla of the 6-mm sections with 2D epi-fluorescence microscope analysis. In 50-mm sections, EGFP þ /F-actin þ /DRAQ5 þ cells were identified initially in the 2D analysis with confocal scanning microscopy, and 3D construction of the suspected target cells was generated by serially slicing at 0.3-mm intervals.
Statistical Analyses
All values in this study are expressed as mean7s.d. Student's t-test was used for the analyses of the difference between groups. P-value less than 0.05 was considered significant.
Results
Radiation Chimera
In naïve EGFP rats, 499% of CD45 þ peripheral blood mononuclear cells (PBMC) expressed EGFP in flow cytometry (Figure 1a-c) . In contrast, PBMC from WT animals were totally negative for EGFP ( Figure 1d ). After WBI and BMC infusion, the percentage of donor BM-derived PBMC quickly increased and reached 490% at 60 days. At 100 days, in WT recipients of EGFP þ BMC, 495% of CD45 þ PBMC were EGFP þ ( Figure 1e ). Likewise, CD45
þ PBMC in EGFP recipients of WT BMC were negative for EGFP (Figure 1f) .
In kidney tissues of radiation chimeras, different origins of nonparenchymal and parenchymal cells were apparent, depending on EGFP expression. In WT recipients of EGFP þ BMC, the kidney sections showed homogenous distribution of EGFP þ nonparenchymal cells throughout the renal interstitium, while tubular epithelial cells, glomerular structures, and vasculature were negative for EGFP (Figure 1g ). To confirm the presence of EGFP þ cells and to eliminate the possibility of autofluorescence, kidney samples were stained with anti-GFP antibody. Results verified the scattered distribution of EGFPexpressing cells in the renal interstitium (Figure 1h ). In contrast, in EGFP recipients of WT BMC, kidney sections presented a mirror image; EGFP À leukocytes were found among overwhelming numbers of EGFP-expressing parenchymal cells (tubules, glomeruli, and vessels) (Figure 1i ). In both types of radiation chimeras, renal tubular epithelial cells maintained the original recipient phenotype, and we were not able to find BM-derived tubular epithelial cells.
Serum Creatinine Levels after Warm and Cold Renal I/R Injury
At 24 h after warm I/R injury, serum creatinine levels quickly elevated to 3.7271.11 from 0.627 0.08 mg/dl in normal animals. Cold I/R injury with 18 h preservation resulted in higher creatinine levels of 4.3370.31 mg/dl at 24 h. On the other hand, cold I/R injury with minimum preservation showed a marginal creatinine elevation. At 30 days after I/R injury, creatinine levels in warm I/R injury and minimum cold I/R injury returned to normal levels. However, creatinine levels after cold I/R injury in 18 h preservation model remained higher than normal (Table 1) .
Routine Histopathology of Warm and Cold Renal I/R Injury
The most significant change at 7 days after warm I/R injury was evidence of tubular epithelial cell death manifested by intraluminal necrotic cell debris, scattered apoptosis, and variable tubular dilatation with protein casts. Mild to moderate interstitial inflammation was also present. The changes mainly involved the cortex, with some extension to the outer medulla; however, glomerular injury was not noticeable (Figure 2a) . By 30 days, active tubular injury diminished, although variable tubular dilatation and interstitial inflammation persisted (Figure 2d ).
After cold I/R injury with a minimum preservation period, tubular epithelial cell vacuolization was noted with minimal to no tubular dilatation and occasional necrotic tubular epithelial cells. Interstitial inflammation ranged from mild to moderate (Figure 2b ). These changes were restored and totally repaired by 30 days; kidney grafts showed nearly normal histopathology with some focal inflammation and occasional focal injury attributable to surgery (Figure 2e ).
With prolonged 18-h cold preservation, more prominent tubular epithelial cell injury was observed. As seen with warm I/R injury, a significant amount of tubular epithelial cell death, apoptotic debris, protein casts, tubular dilatation, and inflammatory infiltrates were seen (Figure 2c) . At 30 days, there was persistent chronic interstitial inflammation and patchy tubular atrophy (Figure 2f ).
BM-Derived Tubular Epithelial Cells after Warm I/R Injury in Radiation Chimeras
To examine the involvement of BM-derived cells in the repair process following I/R injury, the existence and frequency of tubular epithelial cells with BMC donor phenotype were examined in radiation chimeras after the induction of renal warm I/R injury. In WT recipients of EGFP (Figure 3) . Interestingly, these EGFP þ tubular epithelial cells were identified as isolated singlecell integration or a cluster of maximum 2-3 cells. There was no tubule that was entirely organized with EGFP þ cells. EGFP þ tubular epithelial cells were also found at 30 days after I/R injury with a similar pattern; however, the frequency was less than that found after 7 days. Using 2D fluorescence microscopy, frequencies of renal tubules containing EGFP þ /F-actin þ /Hoechst þ epithelial cells were 0.50 and 0.17% at 7 and 30 days, respectively (Table 1) .
Alternatively, in radiation chimeras of a reverse direction (EGFP recipients of WT BMC), detection of WT BM-derived renal tubular epithelial cells after warm I/R injury was relatively easier by identifying EGFP À /F-actin þ /Hoechst þ cells among overwhelming numbers of EGFP þ /F-actin þ /Hoechst þ tubules (Figure 4) . Frequencies of tubules with BM-derived epithelial cells were 0.6470.23% at 7 days, resulting in the similar incidence seen in WT chimeras of EGFP BMC. It is extremely difficult to prove that the EGFP transgene is expressed in every renal tubular epithelial cell in EGFP transgenic rats and that EGFP À tubular epithelial cells in this experiment were derived from WT BMC. However, we have not seen tubular epithelial cells that do not express /F-actin + cells was determined in 250-1100 tubules per animal in 2D random fields of the renal outer medulla. Expected frequency was calculated based on 3D analysis. b Radiation chimera was created by EGFP BMC infusion into WT rats after 9.5 Gy WBI, and I/R injury was induced 100 days later. Figure 2 Routine histopathology of renal warm or cold I/R injury. H&E sections of the kidney were obtained 7 days (a-c) and 30 days (d-f) after I/R injury. (a, d) Warm I/R injury, (b, e) KTx with minimal cold preservation, (c, f) KTx with 18 h preservation. At 7 days after I/R injury (a-c), tubular epithelial cell injury is seen as epithelial cell death/apoptosis, intraluminal necrotic cell debris, protein casts, and tubular dilatation. Mild to moderate interstitial infiltrates are also present. The histopathological severity of injury in general is 'cold I/R with 18-h preservation'4'60-min warm I/R'4'cold I/R with minimal preservation', and correlates to serum creatinine levels (see Table 1 ). By 30 days (d-f), the majority of active injury subsides; however, variable tubular dilatation, atrophy, and inflammatory infiltrates persist in the former two models. Original magnification Â 100, insert Â 400. 
Confocal 3D Imaging Using 50-lm-Thick Sections
To confirm the colocalization of EGFP, F-actin, and Hoechst dye on the tubular epithelium in 2D fluorescence microscope analysis, 3D analysis was conducted with a confocal scanning microscope using 50-mm kidney sections. In radiation chimeras (WT recipients of EGFP BMC), suspected BMderived tubular epithelial cells (EGFP þ /F-actin þ / DRAQ5 þ ) after warm I/R injury were targeted and analyzed with confocal microscopy by serially slicing at 0.3-mm intervals. Sequential 2D images (typically 50-80 per case) were collected and processed to construct 3D projections. Established 3D images were viewed from several different angles. Results showed that 2D images frequently misrepresented the 3D distribution of the markers, and overlapping cells that were separately stained with different markers easily produced artifacts (false positive) in the 2D images. As seen in Figure  5a and d, both 2D images demonstrated colocalization of EGFP and F-actin; however, 3D construction and careful assessment from different view angles revealed that true colocalization of EGFP and F-actin was only seen in Figure 5a -c. In contrast, the image in Figure 5d was a misrepresentation of EGFP þ cells overlapping with F-actin þ epithelial cells, as seen from different angles in Figure 5e and f. These different outcomes were more clearly seen in 3D viewing of Movie 1 and 2.
To further confirm the colocalization of markers on the single target cell, a 3D view was created with EGFP, F-actin, and nuclear DRAQ5 (Figure 6 , Movie 
þ cells, arrows), while the lower part of the same tubule did not show regeneration after warm I/R injury (arrowhead, Figure 6 ).
After extensive 3D reviewing of target cells selected in 2D images, we found that false-positive cases could be as frequent as 75%, resulting in approximately 25% of true colocalization of EGFP, F-actin, and nuclear DRAQ5 stains in 3D analysis (Table 1) .
Discussion
A large number of recent studies have shown that adult BMC can transdifferentiate into parenchymal cells and contribute to the repair of injured parenchyma. Rapidly growing numbers of clinical and experimental studies in a variety of diseases and models demonstrate the plasticity of BMC, and it becomes difficult to cite a complete list of literature. 12, 13 In the kidney, BMC have been shown to generate mesangial cells, 7, 14, 15 vascular endothelial cells, 14, 16 and tubular epithelial cells. The differentiation of BMC into renal proximal tubular cells has been shown principally in two models. First, in sexmismatched (female donor to male recipient) clinical KTx, male host phenotype tubular epithelial cells have been identified. Using fluorescent in situ hybridization and immunohistochemistry, Y-chromosome-positive cells expressing tubular cell markers were discovered in female kidney allografts at frequencies of B1% 17 and as high as 20%. 18 In these clinical studies, the analysis timing after KTx varied from a few days to a few years, and higher incidences of host phenotype renal tubule detection appeared to associate with renal injuries (eg ATN). Second, 'transdifferentiation' was experimentally demonstrated by BMC infusion into irradiated animals with renal warm ischemic injury. Using Rosa26 mice, b-galactosidase-tagged BM-derived hematopoietic stem cells (lineage In this study, using EGFP transgenic rats, we have examined differentiation of BMC into the renal tubules in both KTx and warm renal I/R injury models. Possible BM-derived tubular epithelial cells (EGFP þ /F-actin þ /DRAQ5 þ ) were selected in 2D three-color images and further analyzed with a confocal microscope by serially slicing the target cells at 0.3-mm intervals and by constructing 3D projections. Using this stringent analytic method of 3D three-color immunohistochemistry, we confirm the emergence of BM-derived tubular epithelial cells colocalizing BM-derived EGFP, tubular epithelial cytoskeleton, and nuclear staining in kidneys from both models. However, the frequencies were unexpectedly low compared to the previous publications, and we encountered a high frequency of false-positive cases, in which positively identified cells in 2D analysis were indeed overlapping of two cells separately stained with different markers. The 3D analysis method used in this study revealed that BM-derived hematopoietic lineage cells (most likely inflammatory infiltrates) were closely located to renal tubules. Thus, two types of cells with this proximity could be mistakenly characterized as BM-derived tubular epithelial cells when the 2D image was used as the sole detection method. After taking these false-positive cases into consideration, we estimated in this study that the frequency of renal tubules with BM-derived epithelial cells was approximately 0.1%.
Section thickness and object size are important factors that can affect counting objects in histological sections. [21] [22] [23] In general, quantitative analysis of thin sections is compromised by the fact that most cells are not wholly intact in thin sections, and the error becomes greater when the object size is larger relative to section thickness. In this study, we initially detected EGFP þ F-actin þ tubular epithelial cells in 6-mm cryostat sections, as this thickness was within the range of those used in other studies (commonly 4-8 mm thickness sections). 7, [14] [15] [16] [17] [18] [19] [20] Therefore, methodologically, our 2D study using 6-mm sections is comparable to other studies; however, the error rate might be different if other thicknesses are used. Subsequently, we conducted confocal microscopic analysis using 50-mm sections. Since the average diameter of tubular epithelial cells is 15-35 mm, sections with 50-mm thickness are required in confocal microscopy to visualize the whole structure of target tubular cells and to establish the relationship between the target and surrounding cells in the constructed 3D images. In fact, we were not able to obtain 3D images using 20-mm or less thickness sections. Accordingly, the frequency of BM-derived tubular epithelial cells might be different between 6-and 50-mm sections in this study. Partial sampling of targets in thin sections has been shown to result in an underestimation in quantification. 23, 24 Likewise, EGFP þ F-actin þ tubular epithelial cells in this study were relatively easily found in 50-than in 6-mm sections; however, the difference was minor, and the frequency remained low in both thickness sections.
A number of studies describe transgene silencing, which reflects the diverse host genome defense responses via de novo DNA methylation or post-transcriptional sequence-specific RNA degradation. 25 Silencing of EGFP transgene could be responsible for the low frequency of BM-derived tubular epithelial cells seen in this study. However, we found that the frequencies of BMC differentiation identified as EGFP þ /F-actin þ and EGFP À /F-actin þ tubular epithelial cells in EGFP to WT and WT to EGFP chimeras, respectively, were comparable, suggesting that EGFP transgene silencing would not be the case. Diverse frequencies of BMC-parenchymal cell transdifferentiation observed in clinical and experimental studies could be caused by the differences in species, severity of injury, replicative capability of progenitor cells or differentiated cells, and analytic methods. In addition, genetic modification might influence the outcome if experiments were performed in transgenic animals. Stringent and unequivocal detection systems, such as 3D structure analysis shown in this study, would be useful in exploring and understanding the involvement of BMC in tissue repair process. The value of 3D construction in immunopathological analysis was also recently reported by Spyridonidis et al, 24 demonstrating less frequent BMderived colon epithelium with 3D analysis in sex-mismatched human bone marrow transplant recipients.
